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PREFACE

The work presented in this report was performed by kaman Aercspace Corpor-
ation under Contract DAAKS1-78-C-0017 for the Applied Technology Laboratory,
U. S. Army Research and Technology Laboratories (AVRADCOM), Fort Eustis,

Virginia. The program was implemented under the tuchnical direction of
Nicholas J. Calapodas of thc Aeronautical Technology Division,

The report presents a general description of the analytical and experimental
techniques for implementing system identification methodology with specific
application to the AH-1G airframe.
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SUMMARY

The purpose of this program was to perform experimental and analytical

work to verify the structural system identification methodology developed
at Kaman Aerospace Corporation. To accomplish this, system identification
techniques were applied to a U. S. Army AH-1G airframe (S/N 57-15683) tc
create mathematical models from dynamic test data and to improve a reduced
version of the existing NASTRAN model of the AH-1G helicopter using dynamic
test data. An additional objective of the program was to test the effect-
jveness of the mathematical models developed in predicting the effects of
structural stiffness and mass changes to the helicopter. )
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The analytical models that were developed proved to be effective in pre-
dicting the effects of the stiffness and mass changes which were incorpor:- 1
ated in the helicopter. Additionally, the improved version of the reduced
NASTRAN mode]isuCcéésfu?]y predicted the frequency response of the AH-16 S
airframe for the freq&epcy range of interest. é

A significant part of the program involved development and refinement of
test procedures for acquiring impedance type test data which would yield
modal data suitable for implementation of the system identification method-
ology. Complex modes resulting from elastomeric isolators and nonstruc-
tural access panels were found to exist in the AH-1G airframe. These com-
plex modes were successfully measured, which represents an advancement

in the state of the art of dynamic testing and modal parameter extraction.
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9500 LB GROSS WEIGHT. . . . &« & v v v v & v v v e v o o 156
63. ACCELERATION RESPONSE FOR APPROACH AND LANDING ;
AT 9500 LB GROSS WEIGHT . « . . « v v v v v v v v v v o & 157 4
64. ACCELERATION RESPONSE FQR A LEFT ROLLING PULLOUT ]
AT 9500 LB GROSS WEIGHT . . . . « v v v v v v v v v v o 158 ;
65. ACCELERATION RESPONSE FOR A RIGHT ROLLING PULLOUT ; é
AT 9500 LB GROSS WEIGHT . . . . v & v ¢ v v v v v v o o 159 g i
A-1. BANDWIDTH RECOMMENDATIONS . . . ¢ & & ¢ ¢ ¢ ¢ v ¢ v v « 195 : %
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INTRODUCTION

High vibration levels experienced by current production helicopters result 3
in fatigue damage to airframe structure and components with ultimate re-
duction in reliability. Additionally, high vibratory structural response

and accompanying high noise levels in the cabin area degrade the efficien-
cy, health, and comfort of both the crew and passengers. Currently, the

solution to this problem relies on flight test information to effect vibra-
tion reduction procedures, but these procedures result in high cost and
schedule delays. An alternate solution is to develop analytical methods to
accurately predict the vibration response characteristics of the helicopter
and allow structural modifications during prototype development to reduce
vibration levels with inherent Jower development time and cost.

bttt et o Sl e s ek 0t o B 2
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Thus, the Army has a continuing goal to improve analytical methods capable
of predicting the vibration levels experienced by a helicopter in flight.
One aspect of this involves the analytical modeling of rotorcraft airframes
and, in particular, use of the finite-element method to make analytical
predictions of airframe vibration frequencies and responses. The finite- P
element method, which is the only method in general use capable of the |
detailed mathematical modeling of helicopter structures, has experienced

difficulty in predicting airframe vibration. Consequently, improvement

in the modeling of helicopter structures for the purpose of vibration

prediction is essential.

Once a prototype has been built, system identification methodology can be f
used to generate mathematical models or to improve existing analytical é
models using ground vibration test data. Thus, system identification can §
be applied to combine test data and analytical models into an engineering ‘
tool useful in developing new rotorcraft and in incorporating modifica- 1
tions to existing airframes. System identification unifies analyses de- ]
veloped from idealizations regarding the mass, stiffness, and damping
characteristics of the structure with dynamic test methods resulting in
improved mathematical models which can successfully predict the dynamic
response characteristics of the helicopter.

13
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Kaman Aerospace Corporation has developed system identification methodology
through two separate techniques. The Incomplete Model and the Truncated
Model methods have progressed successfully from theoretical formulation,
computer simulations, application to small structures, and finally to full-
scale craft applications.

The purpose of the present program was to apply system identification method-
ology to the AH-1G airframe to create a mathematical model, to improve the
existing NASTRAN model using dynamic test data, and to test the effective-
ness of the mathematical models in predicting the effects of mass and stiff-
ness changes to the airframe. The program involved extensive shake tests of
several mass and stiffness configurations and extraction of natural frequen-
cies, orthonormal mode shapes, and modal parameters for the respective
conditions.

Ground vibration tests of the AH-1G helicopter revealed that the airframe
is characterized by complex mode shapes which are caused by the nonpropor-
tional distribution of damping resulting from the elastomeric isolators and
nonstructural access panels in the structure. These complex modes were
successfully measured during the test phase of the program; nowever, both
the Incomplete Model and the Truncated Model, which rely on mode shapes in
their formulation, cannot, currently, accommodate the complex modes. Conse-
quently, the complex modes had to be transformed to the real domain for use
in the theories. It is essential that the Incomplete Model and Truncated
Model methodologies be extended to include the complex mode feature to
improve the accuracy of their vibration prediction capability.

14
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NASTRAN MODEL

EXISTING NASTRAN MODEL OF AH-1G

An important aspect of helicopter vibration prediction is related to the
analytical modeling of the airframe, and, in particular, the use of the
finite element method to make analytical predictions of the dynamic re-
sponse characteristics of the vehicle. The finite element method is the
only method in general use that is capable of the detailed mathematical
modeling required for the analysis of the complex, redundant airframe f

structures of modern helicopters.

helicopter used in the current program is documentad, in detail, in Refer-
ence 1. The NASTRAN model was developed to represent the vibration re-
sponse of the AH-1G airframe for excitation frequencies below 30 hz. Fig-
ure 1 illustrates the actual airframe structure with skins removed and
Figure 2 presents the NASTRAN model, which consists of a built-up ideal-
ization of the fuselage and an elastic line representation for the tail i
boom, vertical fin, and horizontal stabilizer. As described in Reference
1, several regions of the structure are not effective in providing stiff-
ness and are not included in the NASTRAN model. These components are the
canopy, cowling around the engine and main rotor pylon, access panels at
fuselage station (FS) 61.25 in. to 213.94 in., doors on the ammunition
bay at FS 95 in. to 135 in., top access docr on the nose at FS 33 in. to
45 in., and the drive shaft connection of the engine to the main trans- -
mission. The model was intuitively developed using structural elements
available in the NASTRAN library and consists of bars, rods, shear panels,
triangular and quadralateral plate elements, and scalar spring elements.

. Cronkhite, James D., et al. A NASTRAN VIBRATION MODEL OF THE AH-1G ] |

HELICOPTER AIRFRAME, Vol. 1, USAAMRDL R-TR-74-045, Rock Island E
Arsenal, U. S. Army Air Mobility Research and Development Laboratory, §

Rock Island, I1linois, June

The basic NASTRAN model of the AH-1G
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s b i 2t 4

A ot arn ivme 0 iss < mm mrm e e o
o o o 0L

1974, AD-AQ09482.
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AH-1G helicopter airframe structure.

Figure 1.

4.

Helicopter Airframe Structure
(skins removed)
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NASTRAN MODEL USED IN SYSTEM IDENTIFICATION

Originally, the NASTRAN model contained 2940 degrees of freedom and was
reduced to 2699 degrees of freedom through the use of Multi-Point Constraint
(MPC) equations. Use of the MPC equations allows description of a degree

of freedom as a linear combination of the values of two or more degrees of
freedom. The model was further reduced to 1714 degrees of freedom by the
application of Single Point Constraints (SPC), which forces a degree of
freedom to zero. Use of the GUYAN reduction, which is a static condensation
procedure, further deleted the degrees of freedom to 98, and eliminating

six support degrees of freedom reduced the model to the final 92 degrees

of freedom.

The existing NASTRAN model of the AH-1G was reduced to 92 degrees of free-
dom for the purpose of the Structural System Identification Technology Veri-
fication Program. The 92 degrees of freedom selected were consistent with
the locations of the accelerometers placed on the airframe as described

in Reference 2 and ccnsistent with the requirements of the subject con-

tract.

GUYAN Reduction

The mathematics of the static condensation procedure that yields the re-
duced mass and stiffness matrices in a NASTRAN dynamic analysis is briefly
described. Since the technigue is a static condensation it is theoretically
applicable only at zero excitation frequency. However, it is generally

used independent of excitation frequency. The formulation is similar to

2. Jones, R., et al., EXPERIMENTAL VERIFICATION OF FORCE DETERMINATION
AND GROUND FLYING ON A FULL-SCALE HELICOPTER. Kaman Aerospace Cor-
poration Report Number R-1625, USAAVRADCOM-TR-81-D-11, Applied Tech-
nology Laboratory, U. S. Army Research and iechnology Laboratory,
Fort Eustis, Virginia, 23604, May 1981, AD A100182.
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that of Reference 3 and is presented hare only for completeness. The

ejuilibrium equations for a structure may be written as

[K] {x} = (F}

The structural equations can be rearranged and written in partitioned

form as

- - -

K22 Xp Fa

Assuming that no forces are applied at the coordinate set X, the two
resulting matrix equations developed from equation {2) become

The coordinate set Xo can be obtained from equation (4)

Kip %y * Ky %2 = Fy

T )
Kig' %y + Kgp %2 = 0

1

o, a1, T
Xg = <Kop " Ky X

Substituting equation (5) into equation (3) will eliminate the coor-
dinates Xo

a., 1. .
Pn - Kz Koo Mz]xl‘Fl

where [Klpey = [k]] - Ky, Kzz" K]2T] is defined as the reduced stiff-
ness matrix.

3. Guyan, R., Reduction of Stiffness and Mass Matrices.

The original coordinate system has effectively been

vol. 3, No. 2, February 1965, pp. 380.
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transformed to the coordinate system at which forces are corsidered to act,
thus r

- Er s [
"

(= m )
The kinetic energy can be written as

IENAES

Substituting equation (7) into equation (8) yields

-
"

3 o} T {x) (9)
The reduced aass matrix is then defined as

Mlggp = [T17 [M1 [T (10}
Substituting for [T] from equation (7) and writing equation (10) in parti-

tioned form, the result is
-

] ]
M T My, 1 I
_ ) -1 T 1M 712
Mg = |11 - K2 K2 'M“EPQ"J Tt ()
or )
-1 T, T
Mlgep = M1 - (K2 M2 | M2 1My
I : ‘ '
( 3 I
a, 7T
TR Mz Ml mo
\ J -K K
22 K2
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and finally

I A, T
[MIpep = ["n] " M2 K2 "12]

M IRILE R AT
- L"zz "12] ["12 = Myp Ky "12] (12)

The reduced mass and stiffness matrices developed in the Guyan Reduc-
tior procedure are nondiagonal.

NASTRAN Model Gross Weight Configuration

The NASTRAN model of the AH-1G as described in Reference 1 was developed
for a production configuration identified as FY71 S/N 21123. The AH-1G

S/N 57-15683 was used in the Structural System Identification Tech-

nology Verification Program. As a result, the existing Government-furnish-
ed NASTRAN model of the AH-1G had to be modified for compatibility with

the aircraft tested. This required modifying large weight items and useful
load items. The gross weight configuration of the original NASTRAN model
was 8933 1b, consisting of a total weight empty of 5760 1b and a useful
lToad of 3173 1b. In addition, the main rotor blade weight and main rotor
hub weight were included in the model as concentrated weights. The NASTRAN
model of the aircraft that was shake tested during the subject contract

was 8750 1b; the main rotor blades were omitted and only 231 1b of hub
weight were jncluded. The following tabulations describe the concentrated
mass items that were changed from the original NASTRAN AH-1G model.

LB

Original NASTRAN AH-1G Model 8933
Weight deleted

XM-28 Gun Turret Launcher 4]

Mini-gun 48

40-mm Drum/Pallet 75

40-mm Grenades (250 rounds) 190

7.62-mm Mamee Drum 63

7.62-mm Ammunition (4000 rounds) 260

21
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B
Forward Fuel . 780 ;
Aft Fuel 830
Pilot 200
Gunner 200 i
Main Rotor Hub 490 f
Main Rotor Blades 458 i
3 XM-157A Pod (Right Wing) 57 ’
¥ M-151/XM 429 Rockets (Right Wing) 146
E XM-157A Pod (Left Wing) 57
g M-151/XM 439 Rockets (Left Wing) 146 . :
3 Smoke Grenades and Dispenser (Right Wing) 40 i
4 Smoke Grenades and Dispenser (Left Wing) 40 ]
NASTRAN model of AH-1G S/N 57-15683 :
£ Weight added
o Test 'nstrumentation 195
M200 A/1 Inboard Rocket Pod/19 Rockets (Right Wing) 529
Inboard Pylon Assembly (Right Wing) 31 ]
M200 A/1 Inboard Rocket Pod/19 Rockets (Left Wing) 529 ;
Inboard Pylon Assembly (Left Wing) 3
M200 A/1 Outboard Rocket Pod/12 Rockets (Right Wing) 385
M200 A/1 Outboard Rocket Pod/12 Rockets (Left Wing) 385
Main Rotor Hub 231
Turret Ballast 150 1
Gun Sight Ballast 25
Pilot 230 i
Gunner 180 %
Fuel 933 :
Instrumentation (accelerometers,wire,etc.) 100 ?
E|

Thus, the NASTRAN model weight for the configuration tested was
WT = 8933 - 4121 + 3934 = 8746 1b

This compares with the actual weight of the test vehicle of 8784 1b

22
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Coordinate Selection

Selection of coordinates on the AH-1G fuselage was based on require-
ments for determining the modal acceleration coefficients of the ctruc-
ture. In NASTRAN, the Guyan reduction is the technique used for reduc-
ing the number of static degrees of freedom to be used in a dynamic
analysis. It implies a meaningful redistribution of inertia properties
to a subset of the total number of degrees of freedom required in a
static analysis of the structure. One of the primary requirements in
selection of the dynamic analysis set of coordinates is that they should
be uniformly distributed throughout the structure. This insures that
the modal acceleration coefficients and, subsequently, the orthonormal
modes will be representative of the deformation patterns of the structure.

Ideally, the transformation from the full size model to the smaller size
required for an operational model can be achieved with the reduced model
capable of accurate analytical prediction of the dynamic response
characteristics of the vehicle. Practically, however, the reduction pro-
cess introduces error in the smaller size model. Minimizing the error
inherent in the reduction procedure is of paramount importance. Guidelines
for developing the reduced model through implementation of the Guyan Re-
duction procedure are described in Reference 1. These principles were
carefully followed in selecting degrees of freedom pertinent to the AH-1G
reduced model. A total of 92 degrees of freedom were used in the reduced
NASTRAN model used in the study. The government-furnished NASTRAN model
consisting of 2940 degrees of freedom was reduced to 92 degrees of
freedom using SPC, MPC, and the Guyan technique.

Accelerometer Location

A total of 92 accelerometers were available on the AH-1G fuselage for use
in the current program. Of this total, 58 accelerometers were positioned

at locations pertinent to the system identification program znd 34 accel-
erometers had been installed for previous use as described in Reference 2.
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Generally, the locations for placement of the accelerometers op the AH-1G
fuselage were selected within the constraints specified in Reference 1.
Ideally, the fuselage station, butt line station, and water line station
of each accelerometer should coincide with a particular grid point in the
NASTRAN model. However, since the accelerometers were rigidly attached

to the structure via mounting '-tocks to minimize extraneous localized
response effects it was not possible, in every instance, to locate the
accelerometers coincident with a NASTRAN grid point. The accelerometers
were placed with direction of major sensitivity oriented appropriately
with respect to the fuselage station, butt line, and water line orthogonal
axes system. In addition, accelerometers oriented with major axis in the
water line direction but offset from the butt line zero axis could provide
a measure of the torsional deformation of the fuselage. The positive
directions in the axes system were aft, up and to the right, as viewed from
the pilot seat. Table 1 presents a listing of the accelerometer designa-
tion and location on the AH-1G in terms of fuselage, butt line, and water
line stations.

The accelerometer identifications are prefixed by either the letters X,

Y or Z, which refer to the direction of acceleration measurement in the
Tongitudinal, lateral or vertical directions, respectively. Additionally,
the letters R, L, T and B are used as suffixes to describe the location

of the accelerometer, with R and L referring to right and left distances
from the butt line zero reference, and T and B referring to top and bottom
surface of the fuselage. As an illustration of the accelerometer identi-
fication, Z46R refers to an accelerometer that is oriented for measurement
of acceleration along the vertical axis, the number 46 refers to the nominal
fuselage location, and the suffix R indicates the right side or positive
lateral axis direction. The actual position of accelerometer Z46R is given
in the table as FS 46 in., BL 9.5 in., and WL 65.5 in. Figure 3 presents
geometric data and the reference axes system for the AH-1G test program.
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TABLE 1. ACCELEROMETER DESCRIPTION.

Accelerometer Fuselage Butt Line Water lLine D.0.F.

No Identificaticn Station Station Station No.
1 Ya6L 46.00 -10.10 45,00 9
2 - Z46R 46.00 9.50 65.50 89
3 Y50 40.25 0.00 52.00 90
4 250 38.75 0.00 52.00 92
5 X60R 59.75 9.50 51.50 82
) Y60L 60.25 - 9.50 59.50 86
7 Z60L 60.00 -17.50 60.00 87
8 Z61R 61.25 17.50 60.00 88
3 Y90 103.00 0.00 52.00 83

10 Z90R 100.75 20.00 50.00 79

11 Z96L 100.75 -20.00 50.00 85

12 Z92L 92.00 -18.00 46.00 84

13 Z93R 93.00 19.00 46.00 81

14 Y95R 95,00 9.50 46.50 80

15 21007 102.75 0.00 100.00 78

16 Y115R 115.00 10.00 45.00 77

X 17 Z115R 115.00 8.75 62.00 76
- 18 Y139R 139.00 18.00 46,00 73

19 X140 138.00 0.00 50.00 1Al

20 Y140 138.00 0.00 50.00 72

21 Z140R 133.50 20.00 50.00 65

22 2140L 134.50 -20.00 50.00 75

23 Z147R 147.00 8.70 55.50 70

24 Y152L 152.45 -12.50 27.50 74

25 Z155R 155.50 12.00 28.50 68

25 Y156 156.41 0.00 35.00 66

27 Z156R 156.41 19.00 36.00 69

29 Z2156L 156.41 -19.00 36.00 67

29 X180T 209.00 - 6.50 125.00 26

30 Y187 187.50 0.00 46.00 63

31 X188 187.75 0.00 56.95 62
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TABLE 1. CONTINUED.

Accelerometer Fuselage Butt Line Water Line D.O.F.

No. Identification Station Station Station No.
32 2189 189.25 0.00 36.50 64 i
: 33 71958 195. 10 0.00 65. 00 37
{ 34 21957 195.10 0.00 75.00 25 :
1 35 ZLONG 196. 00 12.00 59, 00 36 4
} 36 ZLATR 196.00 ~12.00 59. 00 38 -
3 37 ZCOLL 207.00 ~12.00 57.00 34
] 38 X200R 193.50 55. 00 65. 00 55
i 39 X200L 193.50 ~55.00 65.00 59 g
40 Z200R 193.50 55. 00 65. 00 56 |
: a1 2200L 193.50 -55.00 65. 00 60 I
| 42 2201R 201.10  42.50 65. 00 54
43 2201L 201.10 -42.50 65. 00 58
a4 7202R 202.00 60. 00 63.10 57
45 2202L 202.00 -60. 00 63.10 61 ;
26 XMHUB 197.00 0.00 157.05 29 ?
l 47 YHUB 198.38 2.00 157.05 30 |
; 48 ZHUB 198.38 0.00 158.18 31 RE
49 MZHUB 201.50 0. 00 149. 55 32 3l
50 22107 207.00 - 7.00 125. 00 28 s
\ 51 22158 214.70 18.59 55.58 52 i
| 52 12151 214.70 -18.59 55. 58 53 !
: 53 X220L 212.00 ~20.00 35.00 51 )
{ 54 Y2208 212.00 0.00 35. 00 50 1
A 55 Y2207 208. 00 - 8.00 125.00 27 ;
: 56 Y226R 226.41 10.18 29.15 46 :
; 57 2226 226.40 0.00 35.12 48 s
: 58 72261 226.41 -10.67 29,09 49 4
g 59 Y229R 229.12 7.86 26. 00 a7 3
a 60 2250 250. 00 0.00 64.07 35 ;
61 Y251 251.37 0.00 52.59 39 :
3 62 7251 251.00 0.00 79.50 33 o
% A

i _ i 2
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TABLE 1. CONTINUED.
Accelerometer Fuselage Butt Line Water Line D.O.F.

No. Identification Station Station Station No.
63 Y267 267.25 1.00 64.50 4

64 Z268R 268.25 12.00 64.50 40
65 Z268L 268.25 -12.00 64.20 42
66 Y300 300.00 6.00 50.00 43
67 X301 300.70 - 0.50 30.75 44
68 Z301 301.20 0.00 30.00 45
69 Y339L 338.61 -13.00 57.02 6
70 2340 341.50 0.00 42.00 7
71 Y380 379.00 0.00 50. 00 4
72 7381 381.09 0.00 42,25 5
73 Z396R 396.50 21.50 60. 00 2
74 Z396L 396.50 -21.50 60.00 3
75 2400 400.00 0.00 48.00 9
76 Z404R 404.00 31.25 56.50 1

77 X405 405.33 - 0.50 44,75 8
78 Y422L 422.24 - 9.00 57.21 10
79 24221 422.24 - 8.50 57.71 12
80 2423 423.08 0.00 46.25 n

81 Y440 448.00 0.00 50.00 13
82 2460 465.40 0.00 65.00 18
83 Y464L 464.10 - 700 59.81 14
84 2464 464.10 0.00 51.75 15
85 X479 479.23 0.00 54.25 16
86 Y480 480.23 - 4.00 72.40 17
87 2485 485.50 0.00 93.25 20
88 Y490 489.00 0.00 75.00 19
89 Y517 517.50 - 5.50 105.25 21

90 Y521 520.67 - 4,00 118.27 23
91 X540 545,00 0.00 135.00 22
92 2540 545.00 0.00 135.00 24
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MODE SHAPES

CLASSICAL MODES

Classical modes, freguently referred to as normal modes, exist in systems
which have proportional damping of any magnitude. This implies that the
mode shapes for the damped system are the same as those for the system
with zero damping. The motion in any mode is characterized by the exist-
ence of fixed nodes on the structure, and all points in the system attain
their maximum or minimum response simultaneously. Therefore the elements
of each node will either have the same phase or be 180 degre-. out of
phase, describing a standing wave pattern.

In addition, if the modes are reasonably separated in frequency, the real
part of the acceleration mobility will display two turning points in the
vicinity of a natural frequency and the imaginary part of the acceleration
mobility will show a single turning point at the natural frequency.

Figure 4a presents acceleration mobility measurements obtained on the AH-1G
airframe. The figure shows a transfer function relating vertical accelera-
tion measured at a point in the nose of the airframe (Z50) for excitation
applied vertically at the tail skid (Z485). Two close, but distinguish-
able, modes are present. The dominant mode is essentially classical, dis-
playing two turning points in the real acceleration mobility and a single
turning point in the imaginary acceleration mobility measurements.

Figure 4b shows the acceleration mobility data in the complex plane common-
1y referred to as the Nyquist diagram.

COMPLEX MODES

Complex modes exist in a structure if it is characterized by the presence
of nonproportional damping. In the classical situation, the modes are
distinguished by a shape wherein all points in the system attain their
maximum or minimum motion at the same time. In contrast, a system with
nonproportional damping, and therefore complex modes, is not characterized

29
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Figure 4. Acceleration Mobility of the AH-1G.
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by the presence of fixed nodes in each mode of vibration. Rather, the
points on the structure undergo motion at the same frequency, but with
different phase relationships. Hence, complex modes can be described
as traveling waves as opposed to standing waves, which distinguish the
normal modes of vibration.

For the general case of nonclassical or complex modes the real and imagin-
ary acceleration mobility may not exhibit the characteristic shape displayed
in the classical mode situation. It is possible for the imaginary mobility
to display two turning points in the region of a natural frequency while

the real mobility may show a single turning point at a natural frequency.
Figure 5a shows an example of this phenomenon in data measured on the AH-1G
airframe. The data presented are for a transfer function describing the
acceleration response measured at the nose of the airframe for force excita-
tion applied vertically at the tail skid. It is also possible that either
or both of the real and the imaginary parts of the acceleration mobility
will display two turning points proximate to a natural frequency.

Figure 5b shows che aforementicned measured acceleration mobility in the
complex plane.

Complex modes are likely to exist in a helicopter airframe because of the
nonproportional distribution of damping. In the AH-1G airframe, elastomeric
isolators and nonstructural access panels are the source of nonproportional
damping resulting in the existence of complex modes.

MAJOR MODES

In evaluating the overall dynamic response of a system, the relative contri-
bution of each of the modes in a given frequency range of interest is of
paramount importance. The problem of identifying the significant natural
frequencies of a structure is related to distinguishing the difference
between what can be concidered to be a major mode and what can be defined

as a minor or local mode. At a particular excitation frequency, it is
possible to excite a local or minor elastic mode which has negligible
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b. Nyquist diagram (frequency 40-50 Hz).
Figure 5. Acceleration Mobility of the AH-1G.

32

|

i i iininl d i

e el

o el 03 it Juis

SR

Vo i ot NS -1

[ERVR




effect on the overall system dynamic response. As an example, consider f
the flexural vibrations of the tail skid on the AH-1G helicopter. Accelera- 4
tion mobility measurements on that structure will show the natural frequen- :
cies, damping coefficients and mode shapes of all the elastic modes invol-
ving the motion of the tail skid. Obviously, these modes are not relevant
to the dynamic behavior of the airframe. However, with only normal mode
shapes, natural frequencies, and structural damping coefficients obtained
from the test data, the question of modal significance cannot be answered.
If, however, the normal mode is combined with the generalized mass the
result is the orthonormal mode which has physical units. Modes of physi-
cal units are absolutely necessary in distinguishing major modes from
local modes. Additionally, the Euclidean norm‘of each mode wiT V4 is a
quantity that has physical significance and indicates the relative contri- ;
bution of each mode to the total structural dynamic response.

densihilmbinb J bt L, it

Local or Residual Modes

e dtanot "l bbbt d ot

Certain points on an airframe exhibit response characteristics, as
evidenced by their modal acceleration properties, which may be signifi-
cantly higher in any mode than those cf other points on the structure.
This effect defines a local mode since only geometrically proximate ortho-
normal modal elements are exiraordinarily large in the particular mode. i
This effect is most critical at a driving point although it may also i
1

ik ikl s a

occur in transfer mobilities. The result is that high frequency local
modes can have a pronounced effect on mobilities at much Tower frequen-
cies. During dynamic testing of the AH-1G, at Kaman Aerospace Corporation,
the discovery was made that hich frequency local modes, in the 400-Hz

range, could severely influence the low tfrequency response of the air- §
frame. This phenomenon was observed when force excitation was applied ;
at low frequency for driving point measurements. It occurred during %

AH-1G dynamic tests for vertical excitation applied proximate to the
tail skid attachment point and for vertical excitation applied on the
airframe in the vicinity of the horizontal tail. This effect was not
1 witnessed, however, for hub shaking or for lateral force excitation
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applied at the tail rotor gearbox. Although a common happening, this
local mode effect does not occur at all driving points.

Figure § shows the real and imaginary parts of the driving-point accelera-
tion mobility measured at the tail skid attachment point of the AH-1G air-
frame for a frequency range of 0 to 100 Hz. It is evident that the
acceleration mobility is steadily drifting away from the zero reference

mobility axis. Apparently, the bounds of a local mode have not been spanned.

Indeed, when the frequency spectrum is expanded to 800 Hz, as shown in
Figure 7, the residual modes occurring in the 400-Hz range are clearly
evident. The modal coefficients associated with these modes are large,
and if not properly removed analytically can contribute significantly to
the acceleration mobility meqsured at lower frequencies.

The modal parameter extraction techniques that were employed in the analy-
sis require mobility data acquired at discrete frequencies on either side
of a natural frequency. Since the methods operate on a mobility differ-
ence proximate to the natural frequency, the local mode or residual effect
is minimized.
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Figure 6. Tail vertical driving point acceleration
mobility (frequency 0-100 Hz).
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Figure 7. Tail vertical driving point acceleration
mobility (frequency 0-800 Hz).
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MODAL TRANSFORMATION

COMPLEX MODES TO REAL MODES

The AH-1G airframe is characterized by nonproportional damping; as a
result, it exhibits complex modes. The orthonormal mode shapes extracted
from test data were complex, displaying imaginary portions of considerable
significance. However, the NASTRAN model of the AH-1G that was used in

the analysis considers only the undamped situation in the extraction of
modal parameters yielding the classical normal mode or orthonormal mode
shapes. Thus, the elements of each mode are scalar quantities containing
no relative phase angle information among the modal elements. Consequent-
1y, to qualitatively and quantitatively compare the complex modes developed
froii test data with the real modes computed from the NASTRAN model of the
AH-1G, the complex modes extracted from test measurements required trans-
formation to the real form. This process of converting complex modes to
real modes compromises the physical realities of the structure but is
necessary if a comparison of analytical and test results is to be effect-
ad. The technique which was implemented for conversion of the complex
modes to real modes is a judgemental process based on a reference phase
angle. Let ij be the jth element of the kth complex mode, V.

The complex representation of a mndal element is

. =a. + 1 b
wJ aJ j bJ

where i = /AT

The modal element can also be represented by a magnitude and a phase
angle

v, = /a2 +b’l e’

b,
where 6, = tan'] - and 0° < 6 < 360°.
J aj
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Based on a review of test data the complex axes system was rotated 45°, as
shown on Figure 8, to accommodate the transformation from complex modes to

real modes.

The real representation of the compiex modes was based on t-e follawing

\ Vs 45°
y\
P

Fiagure 8. Coordinate transformation.

phase angle criteria

(] o] = 2 2
315° <6,< 135 Y /aj + b,
135° <p.< 315° v. = - fa.ll +b

j j it
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TRUNCATED MODEL

The equation of motion of a 1inear structure can be written as
(M) &} + [0) () + [K] {y} = {) (13)
assuming a steady state solution of the form
ty} = (e’ and (£} = (Flelut
and substituting into equation (13) yields
[ - 002+ tulol + ]G = (14)
Define the displacement impedance as
[2] = [ + [2})- [[K] - o M ] + i wD] (15)

thus
[z] &1 = {F}

The element displacement impedance can be expressed as

[243] 31/, )

The displacement impedance matrix defined in equation (15) can be pre-
multiplied by [<l>]'T [<b]T and postmultiplied by [4] [¢]:] where [¢] is
the matrix of modal vectors

[2] = [217 [[chT[K] [6] - of [0 [M] (6] + 1w [@)T [D] m] [e1”! (16)
where i = /=T
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Using the orthogonality characteristic of the normal modes, the diagonal
generalized mass can be expressed as

I = (017 [M] [o] (17)
and the diagonal generalized stiffness can be expressed as
tk*] = [8]7 [K] [e] (18)

assuming structural damping which is proportional to stiffness, where g is
the siructural damping coefficient, yields

[¢1" [p] [#] = [gk*]

(19)
Substituting equations(17), (18) and (19) into equation (16) gives
(2] = (o177 [k* - of wx + 1 g k*] [0 (20)
Define the modal displacement impedance matrix as
EZ%] = BK* - of M* + i g Kx] (21)
and when substituted into equation (20) yields
(2] = a7 P 2*J o] (22)

The displacement mobility matrix at a forcing frequency w has elements
which represent the ratio of the displacement phasor along coordinate j

to the applied force phasor along coordinate k when the applied forces
at all other coordinates are zero.

The full displacement mobility
matrix is defined as

[v] = [z1"!
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and can be obtained from equation (22), thus

H AL

[¥] = (0] [ d [e] =[] [y*d [e] (24)

e

with force excitation applied at a particular coordinate k the response
at each station of interest j can be obtained yielding a column of the
displacement mobility given in equation (24), thus

R

b in e 18

Y. = []3Y*0, \s b= ; Y*x. &, v {0}, (25)
(k (k)i (k)i
{ J )}exact { } =1 ! !

n
i s M

As indicated in equation (25), the exact displacement mobility of a physi-
cal structure is obtained only by considering an infinite number of nor-
mal modes. Practical considerations, however, restrict the number of
normal modes that can be used in an analysis.

A truncated model of a linear system can be formed by considering fewer
normal modes than degrees of freedom associated wi‘" the physical sys-

tem. If the number of normal modes is Timited, the displacement mobility
becomes

st e e b o b s T i L et

{Yj(k)} = [¢] {Y*¢(k)i} + {6l= & Y*i¢(k)i{¢}i + {8} (26)

i=1

where {8} represents the difference between tne actual displacement
mobility and the approximation using only N normal modes.

TR LY 3 I ERE PR

A truncated model of a linear system is comprised of the constant coef- g
ficient matrices in the equation of motion formed using fewer norma’

modes than degrees of freedom such that the scalar product of {8} T (5} is
minimized with respect to the modal coefficients {Y*}. Using equa- o
tion (26), the vector representing the difference between the exact and . %
the approximation to the displacement mobility can be written as 1

- B S O i
TP S

| 40
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and the transpose of {8} becomes

T w11 T
(o) - {vj(k)} - (7T B o [o] (28)

finally

(81745} = {vj(k)}T {vj(k)} ] {Yj(k)}T [0 € 0(y; 4 (1%}

*1 1 T j E
- T By d 16 {ygqp0) |

e uin L M,

+ (y*}T B2y 3 [@]T[cp]m(k)]. J {y*}
(29)

Equation (29) is a scalar product and the derivative of a scalar with
respect to a vector is also a vector. Thus, the modal vector {Y*} must
be obtained which will minimize the scalar product presented in

6 equation (29). This can be accomplished by differentiating the scalar
product, equation (29), with respect to the modal displacement mobility
vector and equating the result to zero as follows:

TOTR NRIET PP TR

3Ly l T T .

(30)
Solving for the modal displacement vector for which the scalar product is ;
a minimum yields :
1 { ool oot
* = =
{Y*} L\q’(k)iq [¢] [q>]] [¢] {Yj(k)} (31)
or !
-1 +
*} = ¢ . ¢ .
=T iy L9 \YJ(k)}

The matrix [¢]+ is commonly referred to as the generalized inverse or
pseudoinverse of [¢] and is defined by

-1
(o] 5{[¢]T[¢]] [0]"
4
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Equation (31) may be rewritten as

B0 d (1) = Dy {°(k)1} = (o1 {vj(k)} (33)
For the full displacement mobility matrix equation (26) becomes

[¥] = [6] [ v+ [ + [6] (34)
and equation (33).can be extended to

B y* = [2170YD (e (35)

Equation (35) can be premultiplied by [¢] and postmultiplied by [¢]T to
define the truncated mobility matrix as

[Vlgg = [03 By* 3 [01" = [0] [01 [v] [e1°T [0]' (36)
The truncated impedance matrix is given as
(215 = [03°T B o [01" = [01° P z* 3 [0]° (37)

The truncated matrices are of order J, the number of coordinates of
interest, and rank N, the number of modes considered, and are therefore

singular.

If the product of [Y]TR [Z]TR is premultiplied by [<1>]+ and postmulti-
plied by [¢]’the result is

(01" [Yg [Zgpd [0] = 1

and
(01" [Z1gp [¥1qq [0 =

I
—
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The mass, stiffness, and damping matrices for the truncated model are

Ml = [01*7 e 3 [0]*

[e1*T &k 3 [e7* (39)

[lrg

[e1*T [ gkx J [o1*

[Dlrg
The influence coefficient matrix for the truncated model is given by
[Clrg = [0] T % [e]' (40)

The classical modal eigenvalue equation for the truncated model be-
comes

[Clrg MMy () = =7 (o) (41)

1

Mass and Stiffness Changes

The displacement of J points on a structure can be written approximately
as a function of N modal vectors, thus

{y} = [e] {q} ' (42)
and the velocity becomes

{y} = [¢] (@} (43)
The kinetic energy of the structure can be vritten as

T=g (3 M]3 (44)
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or using equation (43)

1,07

T} @' 17 M L] @ = § @ B 3@ (35) ;

Using equation (39) the kinetic energy becomes

.
et kbt i i ottt

T =2 (&7 (01" (Ml [e] (&) (46)
£l Consider a structural mass and stiffness change wherein the resulting j
iﬁ displacements, in the frequency range of interest, can be expressed %
g approximately by ;
i 1
| ty} =[] {r) (47)
The kinetic energy for the modified structure can be expressed approxi- %
: mately as é
; |
| =5 {r}" [e]" |[M] + [aM]] [e] (¥ (48)
X !
{z which upon expansion becomes 3

1= 17 1" MIred (1) + 3 (1T [0 [aMIle] () (49)

Considering only the portion of the equation which contains the modifi-
cation in the mass

at oty b LU e il ot d

(01 TeMlo] = [11"Ce1)T (o1"Ce1) T o1 TeMilo] (101701 L0101

PPV LI I A

[61"TaMIle] = [01'[61"T[2]" [aMI[0106]" [0 (0) .

L% Defining aMeo [01*T[01T[aMI[0][01" the-kinetic energy becomes 3

1= % (7 [0 Mg + [AMIg| [0] (7 (51)
a4
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The potential energy of the structure is given approximately by

‘ {r}T[¢]T[[x] R [AK]] [01(r} (52)

<
“
L]

3 (071017 ([Kpg + [aKIpg) Lodtr)
where
[aK)7p = [01°T[017[aKI[0TC]"

The truncated influence coefficient matrix for the modified structure
is given by

[euoplyg = (9] <[¢]T[[K]TR + [AK]TR] [<:>]>" [e1" (53)

and the eigenvalue equation which reflects the mass and stiffness
changes is

[CvoplralMrg * AMrplleyop] = [oygp] I:-#MOD] (54)

Equations Using Orthonormal Mode Vectors

It is more convenient to use the orthonormal mode in the previous equa-
tions, thereby eliminating the effect of normalization on each mode.

The orthonormal mode allows a comparison of the relative prominence of
each mode. The orthonormal mode is defined as

{w}{ [MIC¥}, = 1 (55)

For N modes this may be extended to

[v1'[M] [¥] = (1] (56)
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The generalized mass associated with each mode can be written as

*

My = {o}] [MI(e}, (57)
If equation (55) is multiplied by the generalized mass of the ith mode

and compared tn equation (57), the elements of the orthonormal mode
shape become

Y
vy 2o (58)
/M
or
®5i © M ¥3i
For N modes and J points of interest on the structure equation (58)
may be expanded to
(41 = [v] M ] (59)
Some fundamental matrix operations which will be used subsequently are
(o] = B/ J0v]
o T -1 T
(1" = (/% 3 101" [v] A 3] 31]
K
1 T “TryaT 1 +
1" = | —| [v1'0¥] “'0v]' = | = [¥]
/ M* /M*
where -
o1 = (0170w Ve

ot [wJ*T[ml—J (60)

If the above relationships are substituted into equation (36) the
truncated mobility matrix becomes
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(Yl = [¥I0¥I* Y0¥ TLvY'

= [v]F y*M* J[v]T (61)

| and equation (37) becomes ;
e 7% qpurt ]
(217 = [¥1*7C & 30¥] (62) ¥
-4
b 9
3 The truncated mass, stiffness and damping matrices presented in %
B equation (39) can be written as a function of the orthonormal modal §
Ei matrices and become %
El
£ - + + :
H Mg = [¥17TCIICY] ;
k
- 0T K 1t
E‘ [K]TR = [‘{l] l.\ M* ][‘P] (63)
» = [v1*Te of J041°
é + + 1
(g = L7177 aal 30¥) !
'Qf The influence coefficient matrix, using the orthonormal mode matrix %
g is E
‘-.::: *
[Clrq = [¥1E B 30v2T j
= [¥IF L a0e)’ (64)
< Q |
y
'] :
| :
é The classical modal eigenvalue equation for the truncated model can. i
! . be written as i
& l' = —
51 [C]TR M]TR{W} ] {¥} (65)
1‘ j
47




Considering the mass and stiffness changes to the structure
Mo = [¥17TL¥1T[aMIC¥ 04D

Bk = L1 LYITEAKIYICY]” (66)

The modified truncated influence coefficient matrix, in terms of the
orthonormal mode matrix,is given by

_ T “TrunT
[Cyop]. = [¥] {[w] ([K1gg + [aklpg) [¥] ] [¥] (67)
and the eigenvalue equation which reflects the mass and stiffness changes
is
- , ] :
[Cyop] [[M]TR * [AM]TR} ['mopd = [tuopll 7 (68)
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TRUNCATED MODEL

COMPUTER EXPERIMENTS

Pt oo phon 1o i

Computer experiments were performed on mass and stiffness changes to
determine the number of degrees of freedom required to insure adequate
representation of the Truncated Model method described in Reference 4. :
2 The computer experiments were conducted for mass and stiffress changes i
3 individually and in combination. The computer experiments were per- i
j* formed using computer codes developed for the IBM 360/50 D.0.S./V.S.
| Computer System using the FORTRAN IV Language. . ;

3 Truncated parameters of a linear system are defined herein as those con-
i stant coefficient matrices in the equations of motion formed from fewer
orthonormal modes than degrees of freedom such that the Euclidean Norm
of the difference between the exact mobility matrix and the approxima-
i tion to the mobility matrix, which is formed using the orthonormal modes,
! ; generalized masses, and generalized stiffnesses, is minimum with respect
gJ F to the modal or generalized mobility. The mobility matrix consists of
5 elements which are defined generically as the partial derivative of the
\ response at coordinate i with respect to force excitation applied at
coordinate j while the applied force at all other coordinates is zero.

i sl i s 0

frequencies, orthonormal modes and modal damping which charac-

terize the frequency spectrum of interest. The natural frequencies and
orthonormal mode shapes necessary to effect the truncated model of the
AH-1G airframe were generated from a 92 degree of freedom NASTRAN model. i
The truncated model was developed using 92 degrees of freedom and 16 i
elastic modes which encompassed the frequency range of from 0 to 40 Hz.

Development of the truncated model requires the structure's natural E
1
|
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4. TFlannelly, W. G., and Giansante, N., EXPERIMENTAL VERIFICATION OF C
SYSTEM IDENTIFICATION, Kaman Aerospace Corporation, Report Number :
R-1275, USAAMRDL TR-74-64, Eustis Directorate, U. S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia 23604,
August 1974, AD 784190.

49




RS

The procedure used in developing the truncated models used in the computer
study is shown schematically in Figure 9. The 92 degree nf freedom NASTRAN
model presented in Reference 1 was modified to be compatible with the mass
configuration of the baseline AH-1G helicopter airframe (S/N 57-15683),
which was subjected to ground vibration tests. Additionally, the number

of degrees of freedom was reduced to 92 to correspond with the locations

of the accelerometers positioned on the airframe. A 92 degree of freedom
truncated model was subsequently formed using the normal mode shapes,
natural frequencies, and generalized masses extracted from the reduced
NASTRAN model.

In generating the truncated model, the normal mode shapes obtained from

the NASTRAN model were converted to orthonormal mode shapes. The ortho-
normal mode shape, which is the conventional normal mode shape normalized
by the square root of the generalized modal mass, has physical significance
and offers a convenient means of comparing the relative importance of the
modal responses of a structure. In addition, the product of the transpose
of the orthonormal mode vector and the orthonormal mode vector, which
yields a scalar, provides a direct measure of the significance of a
particular mode, since the numerically greater the product the more im-
portant the contribution of that mod: to the overall response of the struc-
ture. On the contrary, the conventional normal mode shape, which depends
on the normalizing station, has no physical significance and taken inde-
pendently does not yield any information regarding the dynamic response
characteristics of the structure.

As indicated in Figure 9, step 3, mass and/or stiffness changes were in-
corporated in the 92-degree-of-freedom truncated model. Each of the
resulting models, which included particular mass changes and stiffness
changes, either individually or in combination, became a baseline model
that was used as a basis of comparison for the reduced truncated models
develbped subsequently which incorporated the same mass and/or stiffness
change configuration. The reduced truncated models contained 50, 30,

50
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1. DEVELOP 92 DOF, 16 ELASTIC

MODE MODEL OF AH-1G FROM
NASTRAN

2. DEVELOP 92 DOF TRUNCATED MODEL
USING MODE SHAPES, NATURAL FREQUENCIES

GENERALIZED MASS FROM
AR-1G NASTRAN MODEL (1)

INCORPORATE MASS AND/OR STIFFNESS CHANGES

TO 92 DOF, 16 MODE ELASTIC MODEL DEVELOPED

IN 2. THESE MODELS BECOME BASELINE

MODELS USED AS A BASIS OF COMPARISON

FOR REDUCED DEGREE OF FREEDOM MODELS
DEVELOPED SUBSEQUENTLY

|

4.

USING THE TRUNCATED MODEL DEVELOPED IN 2
SELECT DEGREES OF FREEDOM TO FORM REDUCED

TRUNCATED MODELS, INCORPORATING THE SAME MASS

AND/OR STIFFNESS CHANGES AS IN STEP 3

Figure 9.
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Schematic truncated model development.
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and 20 degrees of freedom. The mass changes, stiffness changes, and combi-

nations of mass and stiffness that were incorporated in the models are
presented in Tables 2, 3, and 4, respectively. These mass and stiffness
change configurations required the formation of 18 baseline models which
were used to evaluate the number of degrees of freedom required in the
reduced models to substantiate the Truncated Model methodology.

In developing the reduced truncated models, the mass and stiffness changes
were applied at grid points corresponding to the grid points at which

the same changes were incorporated in the 92 degree of freedom models.
Reduced truncated models utilizing 50, 30, and 20 degrees of freedom

were developed for the 18 baseline truncated models, and the number of
modes retained varied from 5 to 16 modes.

Review of preliminary vibration shake test data of the AH-1G helicopter
airframe indicated an absence of dynamic response in the longitudinal
(fore and aft) direction for the frequency spectrum of interest. Refer-
ence 5 also showed a lack of longitudinal modes except for the pylon fore
and aft mode and the main rotor mast longitudinal bending mode. There-
fore, the modelling strategy in developing the reduced truncated models

was to omit the longitudinal degrees of freedom, except for those associated
with the main rotor mast. Generally, the grid points at which concentrated

masses were located were also included in the reduced truncated models.
Additionally, coordinates at which mass and/or stiffness changes were
effected were retained in the reduced models. One further consideration
in generating the truncated models was to include coordinates which were
reasonably distributed throughout the structure rather than to include
only the coordinates concentrated in a region of high dynamic response.

E.  Cronkhite, James D., and Berry, Victor L., CORRELATION OF THE AH-1G
AIRFRAME TEST DATA WITH A NASTRAN MATHEMATICAL MODEL. NASA CR-145119,
February 1976.
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TABLE 2.

Qutboard wing stores removed

Inboard wing stores removed

MASS CHANGES FOR
COMPUTER EXPERIMENTS

Inboard and outboard wing stores removed

Mass added at c.g. location (1.296 1b sec2/in.)

Blade and hub mass added at hub location (1.86 1b secz/in.)

" Inboard and outboard wing stores removed, mass added at c.g. location,
blade and hub mass added at hub location.
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TABLE 3. STIFFNESS CHANGES FOR
COMPUTER EXPERIMENTS

b Dt e i ikl e

Add lateral stiffness between grid points 463372, 463772 3
(4.56 x 10° 1b/in.)

Add lateral stiffness between grid points 42245T2, 46445T2
(1 x 10% 1b/in.)

Reduce 1ift 1ink stiffness by 0.5 x 10° 1b/in.

PV X 1 WA T SR S

RS DTN

Add stiffness between grid points 463372, 4637T2 (4.56 x ]05 1b/in.)

Add stiffness between grid points 40145, 52045 (8.17 x 104 1b/in.)

Add stiffness between grid points 40145, 52045 (1.61 x 105 1b/in.)

Add stiffness between grid points 40145, 52045 (2.16 x 105 1b/in.)

e

Add stiffness between grid points 42245T2, 4644572 (.5 x 106 1b/1in.)

o N A el i

i
E]
?

54

R L ST, s B e I N T T SR . . T
- i AR ST Mgl a L - JEPTS ORI - - - — i




T et = o L MR AR o= =Y. e e f xR =2 seamOf o B — o B o ‘a
g AR =T B - H = - i T 3

F R S SC AR S 3
3 ;

E_ :

E

E

TABLE 4. MASS AND STIFFNESS CHANGES

P LB -C R D2l H 4
i

S
s

Clean wing configuration

‘Add stiffness between grid points 40145, 52045 (8.17 x 107 1b/in.) ]
Inboard and outboard wing stores removed, mass added at c.g. location, %
blade and hub mass added at hub location 3

Add stiffness between grid points 40145, 52045 (8.17 «x 104 1b/in.)

o won . S memene LRI
e i - T

Inboard wing stores removed é

g Add stiffness between grid points 42245T2, 4644572 (0.5 x 106 1b/in.) %
5 Inboard wing stores removed i
Add stiffness between grid points 40145, 52045 (8.17 x 104 1b/in.) %
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This procedure yields a rectangular modal matrix which can be reliably
operated on using the pseudoinverse technique and which, in general, yields
numericaliy stable and physically meaningful results. Distribution of
coordinates for typical reduced truncated models having 50, 30, and 20
degrees of freedom for the AH-1G helicopter airframe in the clean wing
configuration is presented in Table 5. In performing the computer experi-
ments for a particular mass and/or stiffness change configuration, no
attempt was made to optimize the reduced truncated models in relation to
the 92 degree of freedom model incorporating the same mass and stiffness
changes. However, engineering judgement was applied in selecting the
reduced degrees of freedom used in any model.

One of the prime objectives of the Truncated Model methodology is to
develop reduced models which can successfully predict the effects of
changes in mass and stiffness of the structure. The reduced truncated
model allows the Eapid determination of variations in configuration and
provides a means for evaluating a variety of structural changes in the
interest of improving the dynamic response of the vehicle. In the computer
experiments which were conducted, the success of a reduced truncated model
in adequately predicting mass and stiffness changes was measured by com-
paring modal parameters obtained from the reduced truncated model with
those obtained from the 92 degree of freedom baseline for the same

mass and stiffness changes. The modal data which were compared included
natural frequencies, generalized masses, and the orthonormal mode shapes
in the frequency range of interest. Using the orthonormal mode shape
criterion, a single numerical value was determined, for each mode of
interest, which provided a basis of comparison of the effectiveness

of the reduced truncated model. For a specific mass and stiffness
change configuration this numerical value, which will be referred to as
the Modal Correlation Number, was calculated for each mode as the summa-
tion of the differences between the orthonormal modal elements of the
baseline 92 degree of freedom truncated model and the respective modal
elements of the reduced truncated model divided by the number of degrees
of freedom in the reduced truncated model. The Model Correlation Number,
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TABLE 5. REDUCED TRUNCATED MODELS
INBOARD, OUTBOARD WING STORES REMOVED

92 D.O.F. Degree of Freedom| 50 D.O.F. 30 D.9.F. 20 D.O.F,
Index Identification
*
1 4014173 X X X
2 4014273 X X
4 3804572 X X X
5 3804573 X X X
6 3384572 X
7 3384573 X
9 4014573 X .
10 4224572 X : X
11 4224573 ; X
14 4644572 X : X X
15 4644573 X X X
17 4804572 X X
18 4804573 X X X
19 4884572 X X
20 4974573 X
23 5204572 X X X
24 5204573 X X X
26 200129T1 X X X
27 20012972 X X X
29 200153T1 X X X
30 20015372 X X X
33 12480073 X
35 2506573 X
36 1975273 X
37 19765T3 X
39 2504572 X
40 2686173 X
4 2686572 X
42 2686973 X

* x" Indicates degree of freedom used in the model
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rerepes

; TABLE 5. CONTINUED
1
J* 92 D.O.F. Degree of Freedom | 50 D.O.F. 30 D.O.F. 20 D.O.F.
Index Identification
i 45 3004573 X
{ 47 22703T2 X
i 48 22725T3 X
* 50 21325T2 X
1 52 2134173 X
| 54 6422973 X X X
57 6592973 X X X
58 7422973 X X X
a 61 7592973 X X X
j 63 18635T2 X
‘ 64 18625T3 X
i 66 15625T2 X X
' 67 1562973 X
69 1562173 X
72 13843T2 X
. 74 14809T2 X
76 11563T3 X
! 79 937173 X
3 80 9363T2 X X
, 81 933173 X
83 933372 X
H 84 9339T3 X
3 26 6167T2 X X X
= 87 6169T3 X X X
; 89 4661T3 X
g 90 4633T2 X
g 91 4637T2 X
; 92 3331T3 X X
1
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which is determined for each mode of interest, can be expressed algebrai-
cally as:

MODAL CORRELATION NO. = ) N 2|2
VT T G\ Migp por.” MR

In the above expression, represents the orthonormal modal ele-

Ve
3192 D.0.F.
ment for the jth coordinate and the ith mode for the 92 degree of free-

dom truncated model for a particular mass/stiffness change configuration.
The term Y54 represents the corresponding orthonormal modal element
RED

for the reduced degree of freedom model. Thus, the Modal Correlation Num-
ber can be considered as representative of the average of the differences
between the orthonormal mode elements obtained from the 92 degree of free-
dom baseline model and the corresponding modal elements calculated from

a reduced degree of freecuom truncated model.

Approximately 90 separate computer experiments were performed in the study.
Table 6 presents t'esults for typical reduced degree of freedom truncated
models for the mass change configuration of inboard wing stores removed.

A comparison of natural frequency and generalized mass is shown in Table
6a and 6b, respectively, for the 92 degree of freedom truncated model

and the reduced truncated models with 50, 30 and 20 degrees of freedom.
Data for the unmodified structure with inboard and outboard wing stores
attached are also presented in the table. Removal of the inboard wing
stores does not significantly change the fuselage natural frequencies.

A comparison of the predicted natural frequencies shows excellent agree-
ment among the models. A review of the generalized mass predictions indi-
cates good agreement with the 92 degree uf freedom haseline model except
for the second mode in the 50 degree of freedom model, the first, second,
and twelfth mode for the 30 and 20 degree of freedom modes, and the
thirteenth mode for the 20 degree of freedom model. The lack of correl-
ation for the aforementioned modes occurred because the coordinates
displaying significant response for the modes of interest were omitted
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TABLE 6. MASS CHANGE CONFIGURATION - INBOARD WING STORES REMOVED
30 AND 20 DOF MODELS CONTAIN NO DOF ON ROTOR MAST
a. Natural frequency comparison
w/Stores Inboard Wing Stores Removed
92 D.0.F. 92 D.0.F. 50 D.O.F. 30 D.O.F. 20 D.0O.
Mode | Unmodified | Baseline
1 4,18 4,33 4,33 4.33 4.33
2 5.12 5.12 5.12 5.12 5.12
3 6.87 6.90 6.90 6.90 6.90
4 8.02 8.11 8.11 8.11 8.11
5 12.39 12.39 12.39 12.39 12.39
6 15.75 16.35 16.35 16.35 16.35
7 16.37 16.84 16.84 16.85 16.84
8 18.85 18.97 18.96 18.96 18.97
9 20.€0 21.09 21.09 21.09 21.10
10 23.93 23.96 23.96 23.97 23.97
11 24.70 24.74 24.74 24.72 24.72
12 27.62 27.65 27.65 27.66 27.65
13 29.95 29.94 29.95 29.95 29.96
14 31.06 31.07 31.06 31.07 31.02
l 15 33.13 33.23 33.23 33.24 33.23
|
b. Gereralized mass comparison
w/stores Tnboard Wing Stores Removed
92 D.O.F. 92 D.0.F. 50 D.O.F. 30 D.O.F. 20 D.O.F.
Mode Unmodified Baseline
1 1.089 1.017 1.017 8.587 8.583
2 0.842 0.842 1.812 6.782 6.825
3 0.404 0.408 0.408 0.408 0.408
4 0.732 0.709 0.709 0.709 0.709
5 7.524 7.537 7.534 7.533 7.577
6 3.242 0.885 0.886 0.886 0.884
7 0.832 2.582 2.583 2.588 2.595
8 2.831 3.510 3.507 3.470 4.829
9 2.754 2.767 2.767 2.765 2.764
10 4,575 4.709 4.714 4,753 4,708
11 2.751 2.777 2.779 2.766 2.793
12 1.506 1.484 1.484 5.708 5.724
13 2.369 2.404 2.378 2.355 3.601
14 1.796 1.835 3.44 3.525 3.236
15 1.172 1.159 1.159 1.159 1.158
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from the model. Modes one and two are the main rotor pylon pitch and
pylon roll modes, respectively; therefore, coordinates on the rotor mast in
the longitudinal and lateral directions should be included in the models

to satisfactorily predict the associated modal parameters. Modal data present-

ed in Table 7 are also for the inboard wing stores removed configuration.
The reduced truncated models for which the data were developed included
coordinates on the rotor mast resulting in improved correlation of the
modal parameters. However, as shown in Table 7b the generalized masses
predicted for the eighth and thirteenth mode for the 20 degree of freedom
truncated model lack agreement with the generalized masses predicted by
other models for the corresponding modes. Further refinement of the coor-
dinates selected for the model would, undouttedly, provide improved corre-
lation in the generalized masses for the aforementioned modes. The pre-
dicted natural frequencies are not particularly sensitive to the specific
coordinates embodied in the specific models as long as the.coordinates

are reasonably distributed throughout the structure. Table 8 presents a
review of the orthonormal mode shapes, in terms of the Modal Correlation
Number, for the 50, 30, and 20 degree of freedom models. Generally, the
degree of correlation for each mode decreases, as witnessed by an increase
in the Modal Correlation Numbers, as the number of degrees of freedom in
the model is reduced. Additionally, the ability to predict the higher fre-
quency orthonormal mode shapes decreases as the m